[1] We report results from a conventional triaxial test performed on a specimen of Diemelstadt sandstone under an effective confining pressure of 110 MPa; a value sufficient to induce compaction bands. The maximum principal stress was applied normal to the visible bedding so that compaction bands propagated parallel to bedding. The spatio-temporal distribution of acoustic emission events greater than 40 dB in amplitude, and associated with the propagation of the first compaction band, were located in 3D, to within ±2 mm, using a Hyperion Giga-RAM recorder. Event magnitudes were used to calculate the seismic b-value at intervals during band growth. Results show that compaction bands nucleate at the specimen edge and propagate across the sample at approximately 0.08 mm s
Introduction
[2] Compaction bands have been reported in the field [Mollema and Antonellini, 1996; Sternlof et al., 2004] , in laboratory studies [Olsson, 1999; Wong et al., 2001; Fortin et al., 2006] and in numerical simulations [Sternlof et al., 2005; Katsman and Aharonov, 2006; Wang et al., 2008] , and are defined as localised deformation features that orient normal or sub-normal to s 1 . Within compaction bands, intensive comminution and interpenetration of grains leads to porosity and grain size reduction [Wong et al., 2001] . Results from both field [Sternlof et al., 2004] and laboratory [Vajdova et al., 2004] studies suggest that permeability may be decreased by several orders of magnitude across compaction bands. Since high-porosity sandstones, considered as analogues for reservoir rocks, have been shown experimentally [DiGiovanni et al., 2000] to be susceptible to compaction band development, their existence in nature has significant implications for crustal fluid circulation.
[3] Acoustic emissions (AE), resulting from brittle cracking, have long been used to monitor the accumulation of crack damage that leads to failure in studies of rock deformation [e.g., Mogi, 1968; Scholz, 1968; Sammonds et al., 1992] . More recently, AE locations have been used to identify the distribution of such damage [e.g., Lockner et al., 1991; Olsson and Holcomb, 2000; Benson et al., 2007] . In particular, Fortin et al. [2006] have used AE locations to map the development of progressive sequences of compaction bands as a function of strain during the deformation of porous sandstone.
[4] In contrast to the study of Fortin et al. [2006] , we have used a fast, multi-channel, full-waveform AE monitoring system to locate and track the spatial and temporal evolution of a single, discrete, compaction band across the full diameter of a core sample of Diemelstadt sandstone. We also characterise the scale of cracking during the band development from the magnitude-frequency distribution (seismic b-value) of located AE events.
Experimental Material, Equipment, and Methods
[5] Cylindrical samples of Diemelstadt sandstone, 100 mm long and 40 mm in diameter, were prepared using a diamond coring drill, with the ends ground flat and parallel to within 0.01 mm. The material comprises 65% quartz, 15% feldspar, 10% lithics, and 10% micas and accessory oxides. It has a porosity of approximately 24% and an average grain diameter of 100 mm. The sample material used was visibly anisotropic, specifically selected because this study forms part of a larger study on the influence of anisotropy on compactive deformation. The anisotropy arises primarily from the anisotropic distribution of pore space, and has been characterized as horizontal transverse isotropy (HTI) from measurements of the magnetic susceptibility anisotropy of ferro-fluid saturated void space [Townend et al., 2006] . It is worthy of note, therefore that our sample material is significantly different in microstructure from the more homogeneous Diemelstadt sandstones used by Baud et al. [2004] and Louis et al. [2006] in their studies on compaction bands. The sample used in this study was cored normal to the bedding plane; parallel to the minimum anisotropy axis. However, as a result of small-scale cross bedding, the axis of minimum anisotropy can be up to 20°from the core axis in individual samples.
[6] Conventional, drained, triaxial experiments were performed using the stiff, servo-controlled triaxial deformation apparatus at University College London described by Benson et al. [2007] . Samples were jacketed in nitrile rubber and deformed under drained conditions to 3.5% axial strain, at a constant axial strain rate of 10 À5 s
À1
, and under a confining pressure of 120 MPa. A constant pore pressure of 10 MPa was maintained via two servocontrolled pore pressure intensifiers, yielding an effective pressure of 110 MPa. Previous studies had indicated that these were appropriate conditions for inducing compaction bands in this material [Townend et al., 2006] .
[7] AE hits above a threshold of 40 dB were recorded continuously throughout the experiment by means of nine piezo-electric transducers (PZT crystals), of 1 MHz central frequency, mounted on stainless steel inserts embedded in the rubber sample jacket. The sample assembly and transducer locations are shown in Figure 1 . The same transducers were used to make sequential wave velocity measurements to characterize the changing velocity structure of the sample during deformation. All outputs were received, digitized and recorded on a Hyperion Giga-RAM recorder at 10 MHz [Thompson et al., 2005 [Thompson et al., , 2006 . The criterion for the location of AE events was that hits should be recorded on a minimum of six out of the nine transducers. This ensured a location accuracy of better than ±2 mm [Benson et al., 2007] . Seismic b-values were computed, from the magnitudes of located events only, using the maximum likelihood method of Aki [1965] . In order to ensure statistical rigor, each b-value was calculated from a rolling window of 200 event magnitudes.
Experimental Results
[8] Compressional wave velocities (Vp) were measured under a hydrostatic effective confining pressure of 110 MPa, before the application of any differential stress, along 14 ray-paths created by using 2 of the PZT transducers as transmitters and 7 as receivers. The 3D velocity structure obtained from the inversion of the travel times along all 14 ray-paths is presented as a stereographic projection in Figure 1 . The Vp anisotropy at 110 MPa hydrostatic pressure is approximately 10%, with the minimum Vp sub-normal to the visible bedding and the maximum and intermediate Vp sub-parallel to bedding. The inverted velocity data were then used in a TI simplex algorithm for the 3D location of AE events.
[9] Figure 2 shows the mechanical data from an experiment performed at an effective pressure of 110 MPa. The stress-strain curve deviates from linearity at a differential stress of approximately 125 MPa and an axial strain of about 1.4%. This deviation is accompanied by an associated increase in AE activity that marks the point where the sample starts to accommodate strain through the brittle micro-cracking associated with grain crushing. We therefore interpret this point as C*, the critical stress for the onset of shear-enhanced compaction [Wong et al., 1997] . Following C*, the stress-strain curve rolls over and then plateaus with a small degree of strain hardening. The AE rate continues to increase during the roll-over phase, attaining a maximum around 2.2% axial strain. AE rate then decreases to become steady at around 3% axial strain. The total number of AE hits recorded during the experiment was approximately 900,000, of which 11,000 source events were located using the location criteria noted earlier.
[10] Figure 3 shows the locations of AE events during the four back-to-back 125 second time windows labeled 1 to 4 on Figure 2 . These time windows cover the peak in AE activity over the strain range 1.8% to 2.3%; the period during which the first compaction band nucleated and propagated. The located data are presented as two orthogonal elevations and a plan view. The elevations show all the events located during the growth period (a total of 1800) but, for clarity, the plan view shows only the events located within the band indicated by the two arrows on the upper part of Figure 3 .
[11] We first note two zones of relatively diffuse AE activity close to the sample ends. There is an end constraint on the sample caused by the mismatch between the elastic modulus of the rock and that of the steel loading rams. The sample ends therefore effectively see a larger compressive stress than the main volume of the sample. During compactive deformation this leads to enhanced cracking and AE activity at the sample ends. By contrast, during dilatant deformation this leads to reduced cracking and relative seismic quiescence at the sample ends [e.g., Benson et al., 2007] .
[12] Around 1.8% axial strain, we observe a small cluster of AE events at the edge of the sample at about one-third height (window 1 in Figure 3 ). This marks the nucleation of the first discrete compaction band, which then propagates across the sample (windows 2 to 4) in a plane essentially normal to the direction of s 1 . The plan views of the propagating AE cluster in Figure 3 show that it has a relatively straight leading edge; shown as lines that encompass 95% of the located events. The leading edge traverses approximately 30 mm across the sample in 375 seconds, which allows us to estimate an average propagation speed of about 0.08 mm s
À1
. We also observe that a second compaction band starts to propagate at about two-thirds of the sample height before the first band has completely traversed the sample (starting during time window 2). The orthogonal elevations in Figure 3 show that this second band propagates across the sample in a plane parallel to the first band, but in a direction approximately normal to it.
[13] The magnitudes of all AE events were determined by centroid moment tensor analysis after locations and onset times had been determined. Seismic b-values were then calculated using a rolling window of 200 events. This gives a standard error of less than 10%. The calculated b-values are presented in Figure 2 , superimposed on the stress-strain curve. The b-value remains essentially constant (within the standard error) at around 1.6 during the whole of the compaction band propagation. Finally, Figure 4 (left) shows an image of the recovered sample after 3.5% axial strain, taken in the Y-Z plane (same direction as the lower images in Figure 3 ). Figure 4 (right) shows all located AE events from time-windows 1 -4 superimposed on the image of the recovered sample.
Discussion and Conclusions
[14] Consistent with field observations [Mollema and Antonellini, 1996; Sternlof et al., 2004] and laboratory studies [Olsson, 1999; DiGiovanni et al., 2000; , we report experimental observations of the propagation of compaction bands oriented normal to the direction of s 1 . Our results demonstrate that the nucleation of the first compaction band occurs at a stress level just beyond the onset of shear-enhanced compaction, and therefore in the transitional regime between brittle faulting and cataclastic flow [Wong et al., 2001] . Spatio-temporal locations of AE events show that compactive deformation, characterized by the growth of discrete compaction bands, is a relatively slow process, with the propagation speed being less than 0.1 mm s À1 . This is in marked contrast to dilatant deformation, characterized by shear localization, which occurs several orders of magnitude faster [e.g., Benson et al., 2007] . The ratio of the speed of compaction band propagation to the loading piston velocity is approximately 80:1. This is in good agreement with the ratio of approximately 100:1 reported by Vajdova and Wong [2003] , as inferred from the duration of AE surges associated with compaction band growth.
[15] Figure 4 shows that the located AE events track the evolution of damage in our sample extremely well; both the diffuse damage that occurs at the sample ends on initial compression, and the discrete compaction bands that propagate at higher differential stress. Compaction band growth originates at the sample boundary before propagating across the sample with a relatively straight leading edge. Unlike for shear fault propagation [Benson et al., 2007] we do not observe any zone of AE quiescence in the wake of the propagating compaction band. Rather, AE activity continues in the regions previously traversed by the band. We also observe that, although compaction bands appear to be spatially discrete and localized features, they appear not to be temporally discrete. We note above that a second compaction band begins to propagate before the first band has fully traversed the sample. The second band is located 35 mm above the first band, outside the zone of the sample affected by the end constraint. The second band also nucleates at the sample boundary, and propagates in a plane parallel to the first band, but in a quasi-orthogonal direction. Both bands are relatively planar and normal to the s 1 direction, in marked contrast to the more tortuous bands described by Louis et al. [2006] and Fortin et al. [2006] . We interpret this difference as being due to the fact that our bands propagated sub-parallel to bedding in a highly anisotropic rock, whereas the bands described by Louis et al. [2006] and Fortin et al. [2006] were propagating in more homogeneous, and presumably more isotropic, material.
[16] The seismic b-value characterizes the magnitudefrequency distribution of AE events. If the magnitude of an individual AE event is related to the increment of crack growth producing it, then any change in the b-value during deformation is an indicator of a change in the scale of cracking [Main et al., 1989; Meredith et al., 1990] . Here, we observe a relatively high and constant b-value of around 1.6 during compaction band nucleation and growth, suggesting that such compactive deformation is characterized by small scale cracking that does not change in dimension during propagation. This is consistent with a grain-scale cracking and pore collapse deformation mechanism, and with the observation of an essentially constant, slow compaction band propagation speed. These observations are in marked contrast to the b-value minimum commonly observed during dilatant deformation, associated with dynamic failure and localization on a shear fault [Meredith et al., 1990] . 
